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Contamination events at Oak Creek, which runs through Oregon State Univer-
sity Research lands, prompted investigations into alternate transport mecha-
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identified an interesting variability in the Earth's local magnetic field. Magnetic
signatures spatially associated with drain tiles appear strong in the western por-
tion of the site, but fade out in the eastern part of the site. The cause of this
variability was investigated by examining soil iron distributions.
The Field-scale soil iron distribution was determined using a colorimetric anal-
ysis of extractions obtained from soil core samples. This study shows larger
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signal is strong and lower concentrations of iron where the magnetic signal is
lower. Tile-scale iron distribution over the drain tiles and in control units were
analyzed using the same colorimetric technique. This study identified a distur-
bance to the natural iron distribution over the tile in the western part of the
site due to soil mixing in the back-filled tile trench resulting in a contrast in
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1. INTRODUCTION
This dissertation explores the effect of soil type and iron distribution on the ef-
fectiveness of ultra-high resolution cesium magnetometer surveys in identifying
sub-surface drainage systems at the Oregon State University Research Dairy.
Magnetometer surveys at the OSU Dairy were conducted to assist in drain
tile management and water quality issues associated with high levels of E. coli
appearing in nearby Oak Creek. Initial magnetometer surveys identified numer-
ous sub-surface features that may serve a role intransporting manure from the
Dairy fields to Oak Creek. These initial surveys uncovered intriguing variability
in the magnetic data. The magnetic signatures spatially associated with drain
tiles in the western portion of the site disappear in the eastern portion of the
site. In addition to a change in the magnetic signal associated with the drain
tiles the overall local magnetic field has less variability in the eastern portion of
the study site as shown in Fig. 1.1.
Soil survey maps [201 indicate a change in soil type in the eastern part of the
site. This change in soil type may be the direct cause of the variability in the
magnetic field across the site or the soil type may play a secondary role in some
other process. Understanding why a signal is seen associated with tiles in one
part of the site and not another will lead to a better understandingof when
magnetic surveying will be productive in identifying sub-surface features.
The hypothesis of this dissertation is that the spatial variability in the mag-
nitude of the Earth's local magnetic field both over tiled and non-tiled areas
of the study site is due to a preferential accumulation of iron in and around
the drain tile located in the western portion of the study site compared to the
eastern portion.1000.001010.00 100.00 1030.001040.00 1050.00 1060.00 107000 1U0.00 1090.00 1100.00
Local X-Grld Direction (meters)
FIGURE 1.1. Plan view, shaded relief plot of the gradient of the Earth's local
magnetic field one-meter above the ground surface at the OSU Research Dairy.
The largest positive gradient is 4304.2 nT/0.5 m, the largest negative gradient
is -3122.1 nT/0.5 m, and the average gradient is 43.2 nT/0.5 m.Several research questions were developed to understand the variability in the
magnetic signature spatially associated with drain tiles and explore the effect
of soil type and iron distribution on the ability of magnetometer surveys to
identify sub-surface drain systems:
1. Is the stronger magnetic signal spatially associated with the drain tile in
the western part of the site is caused by decreasing distance between the
sensors and the sub-surface pipes (ie: the pipes aregetting shallower or
the elevation is decreasing)?
2. Is the stronger magnetic signal spatially associated with the drain tile in
the western part of the site is caused by iron accumulation in the drain
tiles in the western portion of the site?
3. Is the variability in the magnetic signal spatially associated with the drain
tile is caused by a change in the magnetic properties of the sub-surface
pipes?
4. Is the stronger magnetic signal spatially associated with the drain tile in
the western part of the site is caused by iron accumulation in the soils
around the drain tiles in the western portion of the site?
5. Is the spatial variability in the magnitude of the Earth's local magnetic
field both over tiled and non-tiled areas of the study site is caused by a
change in the magnetic properties of the soils?
1.1. Project Motivation
Throughout Oregon's Willamette Valley, farmers routinely use sub-surface pipes
(drain tiles) to drain moisture from fields to extend the growing season. Many
farms use complex systems of pipes whose relationship to older drain systems is
unknown. Records of tile locations are rarely kept or are difficult to access. The
beneficial effect of extending the growing season through the use of drain tiles is
clear [19, 32, 34], but adverse effects of this farming strategy are not transpar-
ent. Current Willamette Valley studies [2, 26, 40] are exploringthe relationship
between fertilizer, pesticides, drain tile systems, surface run-off, ground-water
contamination, and crop yield. Drain tiles and similar strategies are not isolated
to the Willamette Valley, but in use throughout theglobe. Improved methods
of studying drain tiles will advance numerous projects.4
An early element of studying the relationship between drain tile systems and
water contamination is creating a detailed map of sub-surface features. The
location of many drain tile systems, especially older systems, were not recorded
when the systems were installed. Identifying the location of drain tiles and other
unknown sub-surface features in sufficient detail to assist drain tile management
studies is a time intensive task. This dissertation proposes that ground-based
remote sensing methods provide a means of mapping the location of sub-surface
features. Ultra-high resolution cesium magnetometer surveying is an especially
effective method at the site studied in this dissertation, but the variability in
the magnetic signature associated with tile at the Oregon State University Re-
search Dairy suggest limitations to this method. Understanding the role of soils
during magnetic surveys is crucial to understanding when cesium magnetometer
surveys can aid in tile line management studies.
1.2. Contamination Issues at Oak Creek
Since 1988, the City of Corvallis has monitored the water quality of Oak Creek.
E.coli has been the quality indicator since 1996 with regular sampling at Oak
Creek and Highway 20. Quality tests often indicateE.coli exceeding the 406E.
coli per 100 milliliters of water standard which requires follow-up testing [38].
On May 11, 1999 the Oregon State University (OSU) Research Dairy received
a Notice of Noncompliance and a Plan of Correctionfrom the Oregon Depart-
ment of Agriculture (ODA). ODA inspectors found levels of E. coli in violation
of the Water Pollution Control Facilities General Permit # 0800 and Oregon
water quality laws. The ODA notice implied that the excessive levels of E. coli
was the result of seepage that, "could be(coming from) a field tile drain outlet,
given its proximity to the application fields."
Shortly after the May 11, 1999 Notice of Noncompliance, Oregon State Uni-
versity formed the Oak Creek Action Team. The team was asked to address
management issues that caused severe environmental degradation, were illegal,
or impacted the teaching andresearch potential of the University lands. Six
issues were addressed by the Oak Creek Action team: Manure application and
water quality, riparian condition and water quality, water withdrawal,dams5
and barriers, storm water drainage, and toxic waste storage and handling. In
June 1999 an initial report was forwarded to the University and a web site
was created (http://www.orst.edu/dept/oakcreek) todisseminate preliminary
results. In June 2000, the Oak Creek Action Team submitted its final report to
the University. In addressing the issue of manure application and water quality
the Oak Creek Action Team identified the spreading of liquid manure on dairy
fields as a primary concern and outlined further studies to be conducted. It was
suggested that these studies should identify infiltration rates, long-term rainfall
amounts, spraying management, reduction in livestock for teaching, and waste
run-off amounts [36].
Infiltration studies at the OSU Research Dairy were conducted in parallel with
the Oak Creek Action Team investigation by James Cassidy (MS Student, OSU,
Department of Crop & Soil Science). Cassidy identified a linear feature of Vole
tunnels that appears to be spatially associated with a 12-inch water pipe drawn
on a 1912 map shown in Fig. 1.2. Cassidy[1] proposed that vole tunnels may
allow infiltration bypass to drainage tile. The possible existence of a 90-year-old
12-inch water pipe running through the problem area provides another possi-
ble alternative contamination source and transport path [1]. The relationship
between vole tunnelling activity and the presence of sub-surface features is cur-
rently under study. The importance of vole activity is that it lead Cassidy to
inquire about sub-surface features not appearing on modern maps of the dairy
fields.
A search of historic records failed to identify the existence of the 12-inch pipe on
any additional maps of the OSU Dairy area eventhough numerous maps of this
area were examined. Confirmation of the existence andlocation of the 12-inch
pipe is essential to account for all possible alternate transport mechanisms as-
sociated with Oak Creek contamination events. Ground-penetrating radar and
cesium magnetometry were selected to confirm the existence of the pipe based
on the availability of the equipment and thelikelihood of their success. Other
ground-based remote sensing methods also have the ability to determine the
location of the pipe, but their use on this project was cost prohibitive.6
(a) Original 1912 storm sewer map.
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FIGURE 1.2. 1912 Storm Sewer Map [37].7
A ground-penetrating radar survey was not successful due to extreme attenua-
tion of the signal by the high clay content of the soils [8]. The magnetometer
survey was able to identify the locationof the 12-inch pipe, along with iden-
tifying numerous other sub-surface features. The variability in the magnetic
field across the site was discovered during these initial studies in support of the
efforts to understand contamination events at Oak Creek, and understanding
this variability became the focus of this dissertation.
1.3. Evidence of Iron Migration to Drain Tiles
A review of the literature identified several studies that examine the accumula-
tion of iron in drain tiles. Drain tile researchers from several countries including
the United States report on the build up of a yellowish-brown or reddish-brown
sludge in tiles. This sludge is often referred to as iron ochre or just ochre. Man-
ganese deposits, sulfur slime, and iron sulfidehave also been discovered as a
sludge build-up within tiles [10]. Grass's [14] study of numerous tile installa-
tions identified wide variations in the amount of clogging. In some fields the
entire system suffered from iron ochre clogging, whereas other fields had some
lines only partially clogged and other lines not clogged at all.Grass further
reports that the formation of iron ochre and manganese oxides have norelation
to soil type, type of drain tile, or the age of the system. Ford [101,Grass [15],
MacKenzie [24], and Meek [25] report that water-logged soils and microbial re-
duction of iron may be factors in drain tile clogging by iron ochre. Figure 1.3 is
an example of a drain tile segmentseverely clogged with hardened iron ochre.
These studies prompted the hypothesis underlying this project.FIGURE 1.3. Photograph of a drain tile segment clogged with hardened iron
ochre.I
2. THEORETICAL FOUNDATION
2.1. The Earth's Magnetic Field
The fact that the Earth has a magnetic field is not a new discovery; general be-
lief is that the Earth's magnetic field was known to the Chinese several centuries
B.C., and Gilbert's De Magnete in A.D.1600 marks the first known publication
discussing the Earth's magnetic field [33]. Although not a new discovery, a gen-
eral discussion is warranted because the cesium magnetometer method relies so
heavily on the existence of the Earth's magnetic field.
It is useful to begin this discussion by identifying key terms and variables com-
monly used when discussing the Earth's magnetic field. The Earth's magnetic
field can be described using vectors, and as such can be defined by a magnitude
and direction at every point in space. A vector describing the Earth's magnetic
field at a given point is often referred to as the Total Field, F. The magnitude
of the Total Field is commonly called the Total Field Intensity. To avoid confu-
sion with other familiar physics uses of the word intensity I will stick with the
phrase, "the magnitude of the Total Field", where the magnitude of the Total
Field is represented by F.
The Total Field vector,,is described by the magnetic elementsg,
,2, ,
the angle D, and the angle I.points toward geographic north,points due
east,2points toward the center of the Earth, H is the horizontal component
of the total field and points toward magnetic north, D (the declination) is the
angle between magnetic north and geographic north, and I (the inclination)
is the angle between the total field and the surface of the Earth. Figure 2.1
shows the relationship between the magnetic elements, and the magnitudes of
the magnetic elements are related by the following equations:
X = H cos(D) H = F cos(I)
Y = H sin(D) H2=X2+Y2
Z = F .sin(I) = H tan(I) F2=H2+Z2(2.1)Geographic North
Toward
Center of
Earth
Due
East
(a) X, Y, Z components of the Total
Field, F
Geographic North
Toward
Center of
Earth
Due
East
(b) H, Z, the angle D, the angle I
elements of the Total Field, F
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FIGURE 2.1. Diagram showing the relationship between the magnetic elements
ii and D are probably the two most familiar magnetic elements due to their
association with navigation and compasses. Even though many compass users
are not aware of the role of I when navigating it is just as important asJ1and
D. The inclination of the Earth's magnetic field causes a compass needle to dip
down or up depending upon one's location. Most compass manufacturers [7, 6]
make several models of their compasses to adjust for the inclination (or dip) of
the Earth's magnetic field. If a compass designed for use at the equator is held
parallel to the ground in northern latitudes the needle will dip down and rub
against the pivot post. Tipping the compass down fixes the rubbing problem,
but hinders the sighting capabilities of navigation compasses. Higher quality
compasses, such as military lensatic compasses, use a deep pivotwell to house
the needle which increases the latitude range in which such compasses remain
accurate. I1, D, and I are the magnetic elements associated with navigation,
but the magnitude of ,D, and I are elements commonly associated with mag-
netic surveying.11
Being familiar with the magnetic elements facilitates a discussion of the source
of the Earth's magnetic field. A common model of the Earth's magnetic field is
that of a dipole, similar to the dipole created by a bar magnet. Recent mapping
places the location of the magnetic north pole at 78.5 N and 103.4 W degrees,
near Ellef Ringnes Island, Canada and the magneticsouth pole at 65 S and
139 E degrees, in Commonwealth Bay, Antarctica [3}. Currently, the magnetic
axis is tilted approximately 11.50 away from the geographic (or rotational) axis.
This displacement of the magnetic poles away from the geographic poles creates
the need for the magnetic element, declination. When using a compass to nav-
igate in the northern hemisphere, the compass needle generally points toward
magnetic north. The angle formed between imaginary lines drawn from the
observer to magnetic north and from the observer to geographic north is called
the declination, D.
Another important parameter is the inclination, I, of the Earth's local magnetic
field. Along the Earth's geographic equator the inclination is approximately
zero degrees, is roughly 70 degrees at450 north & south latitudes, and 900 near
the magnetic north & south poles [9].The remaining parameter of interest
when conducting magnetic surveys is the magnitude of the total field, F. Local
variability in the total field is due to variability in soil iron distributions and the
magnetic properties of sub-surface features. Solar activity also creates yearly,
hourly, and micro changes in the total field. Figure 2.2 presents the effect solar
activity can have on the near surface total field. The magnitude of total field
can change quite rapidly during a magnetically active day effectivelypreventing
accurate surveying. Magnetically active days are infrequent, and the solar ef-
fects on the total fieldcanbe accounted for when surveying during magnetically
quiet days.49200
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8
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(b) Hourly-fluctuations in the Earth's
magnetic field.Data recorded once per
hour at the Auroral Observatory, Troinso,
Norway [27]
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Observatory, Tromso, Norway [27]
FIGURE 2.2. Effects of solar activity on the Earth's local magnetic field.13
2.2. Magnetic Properties of Soils and Sub-Surface Features
Iron content is the primary constituent responsible for the magnetic properties
of soils. The presence of iron and other minerals in soils originates from par-
ent bedrock through natural weathering processes [31]. The iron concentration
differs among soil types and has the potential to change due to natural and an-
thropogenic processes. Iron is most often found in soils in soluble form, Fe(II),
and in the mineral forms, Fe(III), of geothite, haematite, lepidocrocite, mag-
nitite, maghaemite, and as a complex ferric hydroxide gel. Weakly magnetic
haematite is the most common iron oxide found in nearly all soils. Maghaemite
is strongly magnetic and frequently appears in agricultural areas [31]. Magnitite
is the most magnetic of the iron oxides [4].
Studies by Tucker [39], Le Borgne [21], and S collar [30] have shown that the
organic layer of soil near the surface (the A-Horizon) has a higher magnetic
susceptibility than deeper soil horizons. Le Borne proposed two explanations
for this phenomena; (1) microbial reduction of haematite to magnetite is fol-
lowed by reoxidation to maghaemite [21], and (2) surface fires create a carbon
monoxide reducing atmosphere at sufficiently high temperature, above 500°C,
to turn haematite into magnetite which upon cooling oxidizes to haematite
and maghaemite [221. Both processes occur near surface and result in larger
concentrations of maghaemite, which has a larger magnetic susceptibility than
haematite.
Natural processes acting over time result in development of soil horizons that
can exhibit distinct soil properties. Human-soil interactions often result in the
disturbance of naturally occurring soil boundaries. The disturbed region creates
a magnetic contrast with the undisturbed soil, and the magnetic contrastwill
often be larger near the surface due to the larger magnetic susceptibility of the
A-Horizon.
Other magnetic anomalies are caused by localized high temperatures due to fires
or lightning strikes that raise the temperature of surfacesoils above their Curie
point. Magnetic moments are free to align with the Earth's local magnetic field
when the temperature is above the Curie temperature [16]. As the soils cool the14
alignment of the magnetic moments becomes frozen into the material creating
a contrast between the magnetic properties ofthe region disturbed by fire and
the undisturbed soils.
Natural and anthropogenic sub-surface features also contribute to the variability
in the Earth's local magnetic field. Rocks, artifacts, and other objects suspended
in the soil matrix have their own magnetic properties. Objects that are para-
magnetic are commonly encountered during magnetic surveying. These objects
can have a range of magnetic susceptibilities and aninduced magnetic field due
to the Earth's field. The induced field is frequently a dipole field aligned with
the Earth's field.
Several human-made items are both paramagnetic and ferrimagnetic. Kiln fired
clay is the most notable of these items. The firing process raises the temperature
of the iron compounds in the clay above their Curie Points (675° C for haematite
and 565°C for magnetite [4]) creating a thermoremanent magnetic field in the
clay upon cooling. Kiln fired clay objects also have an induced magnetic field
due to the Earth's field in addition to the thermoremanent field.
The magnetic properties of the soils, natural and anthropogenic disturbances
of the soils, and the magnetic properties of sub-surface objects all play a role
in creating variability in the Earth's local magnetic field. A cesium magne-
tometer survey measures the magnitude of the Earth's local field at fixed points
across the study site, but it is the contrastbetween the points that allows for
identification of sub-surface features.
2.3. How a Cesium Magnetometer Measures Magnetic Fields
A cesium magnetometer uses optical pumping of cesium vapor to record the
magnitude of the Earth's local magnetic field. Helium and other alkali-metal
atoms such as rubidium and potassium are also commonly used[12]. Figure 2.3
diagrams the main components of an optically pumped magnetometer which
contains a detection cell, a lamp, wavelength and polarizing filters, a photode-
tector, and an RF coil [35]. The detection cell and lamp both containcesium in
vapor form. The light from the lamp passesthrough filters that only allow the15
transmission of circularly polarized light with a specific energy. After passing
through the detection cell the intensity of the light is recorded by the photode-
tector. The RF-coil is used to depump the system, and in doing so record the
magnitude of the external magnetic field [35].
oHoaJ
Cell
RF Coil
FIGURE 2.3. Major components of the optically pumped cesium magnetome-
ter.
To explain in more detail how an optically pumped magnetometer measures
magnetic fields I will use a simple two energy system that has a ground state
A, and an excited state B. The energy difference between state-A and state-B
is in the optical spectrum. In the presence of an external magnetic field the
energy states A and B, split into the energy states A1, A2, B1,and B2, where
the energy differencesA2-A1andB2-B1are proportional to the magnitude of
the external magnetic field. This splitting of energy states in the presence of
an external magnetic field is known as the ZeemanEffect [5], and is shown in
Fig. 2.4.
In this simple model the energy levels of the electron correspond to the magnetic
moment of the electron being aligned with the external magnetic field or being
anti-aligned with the external field.A1andB1correspond to the magnetic mo-
ment being aligned with the external magnetic field andA2andB2correspond
to the moment being anti-aligned. If light with energy B - A is incident upon
the system an electron inA1orA2will absorb this energy and transition from16
A-<T
No Mag. Field
I External Magnelic Field
I
FIGURE 2.4. The Zeeman effect is the splitting of energy levels due to an
external magnetic field.
A1toB1orA2toB2respectively. Because only the appropriate component of
the circularly polarized light is transmitted the incident light will only interact
with anti-aligned moments and pump electrons fromA2toB2[35].
Through pumping and natural decay the electrons will eventually populate the
lowest energy state, A1. Once all of the electrons are in theA1there are no
electrons available to absorb the incident light and the system becomes trans-
parent. While the cell is transparent the photodetector will read 100% intensity.
Recall that the energy difference betweenA1andA2is proportional to the ex-
ternal magnetic field. The frequency of the RF Coil around the detection cell
is adjusted until the intensity recorded by the photodetector drops. A drop in
intensity happens when electrons inA1are being excited by the RF-coil into
A2where they can absorb light from the lamp. The frequency of the RF-coil is
equal to(A2 -A1 ) / h(wherehis Planck's constant) which is proportional to
the external magnetic field [5]. The photodetector is connected to the RF-coil in
a feedback loop allowing the RF-coil to staylocked on the the changing external
magnetic field [35].17
2.4. The Cesium Magnetometer Survey Method
Measuring the Earth's local magnetic field at pre-determined positions (x, y,
z) is the general goal of any magnetometer survey. This goal can be achieved
using several survey methods. A magnetometer survey can use a single survey
magnetometer, a survey magnetometer with a base station magnetometer, or
two magnetometers in gradient mode [4, 31]. A survey conducted using a single
magnetometer will record the Earth's local magnetic field, but the data cannot
be corrected for solar effects. Using a second magnetometer as a base station
allows for post-acquisition corrections for solar effects [4, 31]. Additionally, a
base station provides a very accurate record of temporal fluctuations in the lo-
cal magnetic field because the magnetometer is not moving, but some error is
introduced during post-acquisition corrections of the survey data due to time
synchronization errors between the two magnetometers [4].
Two cesium magnetometers can be used together in horizontal or vertical gra-
dient mode. In horizontal mode each magnetometer is mounted to either end of
the horizontal support staff. In vertical mode the magnetometers are mounted
one above the other on a vertical staff that is attached to one end of the horizon-
tal support staff. A counter weight is attached to the other end of the support
staff to balance the two magnetometers. In gradient mode, each magnetometer
simultaneously records the value of the magnitude of the local earth's magnetic
field [31]. The horizontal or vertical gradient of the local field is obtained by
subtracting the magnitude of the local field recorded by each magnetometer and
dividing by the sensor separation. When computing the gradient, background
fluctuations that equally affect both magnetometers are removed. The daily
fluctuation of the Sun, distant power lines, and distant automobile traffic all
create background fluctuations that are removed by the gradient method [31].
Figure 2.5 shows how local features are enhanced by calculating the gradient.
Another advantage to conducting a survey in the gradient mode is that the gra-
dient contains information about the depth to the object creating the variation
in the Earth's local magnetic field. Deeper the objects have broader magnetic
signals [31].63800
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FIGURE 2.5. Comparison of total field measurement versus a gradient mea-
surement.
Magnetometer surveys can also be conducted in discrete mode or continuous
mode. During a discrete survey the magnetometer is held stationary at a grid
position, a reading of the magnitude of the Earth's field is recorded, and the
magnetometer is moved to the next grid position [4, 31]. During a continuous
survey the magnetometer is carried at normal walking speeds along a survey
transect while the magnetometer takes approximately 10 readings every sec-
ond [13]. An average walking speed is calculated based on the start and end of
the transect and the time taken to walk the transect. The grid positions of the
readings are distributed evenly along the transect based on the average walking
speed. For transects longer than 25 m it is advisable to record way points and
calculate the average walking speed between way points [13].
A continuous survey introduces error in the spatial location of the reading when
compared to a discrete survey. During a continuous survey a reading is taken19
approximately every 10 cm along the transect at normal walking speeds and
a sampling rate of 10 readings every second. Thepositional error introduced
by the continuous mode is on the order of centimeters which is acceptable for
all but a few applications. Continuous surveys are often favored over discrete
surveys due to the reduction in time to complete the survey.An additional
error introduced by continuous surveying is the up anddown motion of the
magnetometers created by the gait of the operator. The magnetometers are
supported on the end of a staff approximately 1 m distant from the operator to
reduce magnetic contamination by the control unit. This separation creates a
time lag in the detection of topographic changes. As the operator approaches
a depression the distance between the magnetometersand the ground surface
will increase because the magnetometers will be over the depression while the
operator, who is holding the support staff, is still on higher ground. When the
operator enters the depression the distance between the magnetometers and the
ground surface will decrease due to the magnetometers being over the higher
ground while the operator holding the support staff is standing on lower ground.
When significant changes in topography exist it may be necessary to conduct
the survey in discrete mode or conduct a detailed topographic survey to correct
the magnetic data for the changes in topography. Using a non-magnetic survey
cart or conducting the survey using a magnetometer operator and a control unit
operator are other methods to eliminate the error created by using a vertical
support staff by eliminating lag time in sensing topographic changes. A non-
magnetic cart can be difficult to use in areas with many obstacles or over rough
surfaces. Using two people to conduct the survey increases project costs due to
the additional person. Ultimately, each project must be examined to balance
potential error with resources.
Another choice of survey methods is whether to conduct a unidirectional survey
or a bidirectional survey [4, 31, 13]. During acontinuous, unidirectional survey
data is taken for each transect while travelling in one direction. For example, on
a survey site with transects orientednorth-south the magnetometer is carried
along the first survey transect from south to north while taking readings. The
operator returns to the start of the second transect without taking readings.
Readings are then recorded along the second transect travelling from south to20
th. This process is repeated for all transects with readings being recorded
.y when the transect is traversed from south tonorth.
During a continuous, bidirectional survey oriented north-south the first transect
is surveyed in the same fashion as a unidirectional survey by travelling south to
north along the transect while taking readings. The operator then turns around
and surveys the second transect from north to south while taking readings. An
obvious advantage to a bidirectional survey is that the operator walks half the
distance compared to a unidirectional survey. A disadvantage to bidirectional
surveys is the shift in positional errors based on directiontravelled. This is
often seen as a zig-zag pattern in linear anomalies in the magnetic data. If the
offset is known the data can be corrected for this error.
An additional disadvantage to bidirectional surveying is heading error. Heading
error arises due to the magnetic field of the operator andcontrol unit [12]. Even
if the operator is magnetically clean the control unit has a small magnetic field.
This is one reason for keeping the magnetometers 1 m away from the operator
and control unit. The magnetic field of the control unit is a dipole with a maxi-
mum in the direction of magnetic north and a minimumtoward magnetic south.
When surveying the first transect from south to north the magnetometers are
in the magnetic dipole maximum created by the control unit. When surveying
the second transect from north to south the magnetometers are now in the mag-
netic dipole minimum created by the control unit. The readings when travelling
north are slightly higher than the readings when travelling south which appears
as a striped pattern in magnetic plots[31]. This error is difficult to correct for,
and if the operator is magnetically clean the heading error is usually 0.1 nT or
less and can be ignored because it is two orders of magnitude smaller than the
signal produced by features of interest.
Figure 2.6 shows the major components of a cesium magnetometer which con-
sists of a magnetometer with control cable, support staff(s), a control unit, a
battery pack with waist belt, and shoulder harness. A cesium magnetometer
is carried by a single operator while taking a reading of the magnitude of the
Earth's local magnetic field every tenth of a second to an accuracy of 0.1 nT. The
rapid sampling speed allows the magnetometer to be carried at normal walking21
speed along a survey transect; corresponding to a reading taken every 10 cm to
20 cm along the transect. The magnetometer precision facilitates recording the
influence of sub-surface features on the Earth's magnetic field. Most modern
magnetometers allow for surveys to be conducted in map mode where the grid
coordinates of the site can be entered into the control unit.This facilitates
conducting the survey and expedites post-acquisition processing. Modern mag-
netometers also have the ability to store data in the control unit. This data can
be transferred to an analysis computer at the end of each survey day.
FIGURE 2.6. M. Rogers using the Geometrics, Inc. G-858 MagMapper"TM in
vertical gradient mode.
Soils, ceramic pipes, metal pipes with magnetic properties, and other features
increase or decrease the magnitude of the Earth's local magnetic field through
induced or permanent magnetization. Iron content, orientation, magnetic sus-
ceptibility, object shape, and depthare several factors that determine the22
influence that a sub-surface object has on the Earth's magnetic field. A 12-inch
iron pipe 2 m beneath the surface can increase or decrease the magnitudeof the
Earth's magnetic field by 500 nT or more [11] Variations in soil iron content
can produce magnetic anomalies of only afew nanoTesla [11].
Pipes, ceramic drain tile, variation in soil type, and variation in management
strategies are all common agricultural features that have magnetic signatures.
Ceramic pipes have their own magnetic field that is a remanent of firing clay
as well as an induced magnetization.Metal pipes have a very large magnetic
susceptibility and subsequently produce a large magnetic anomaly. Organic
soils often have larger magnetic susceptibilities than inorganic soils [4}. Digging
through stratigraphic layers and back-filling mixes soils with different magnetic
susceptibilities and has the potential to produce a magnetic anomaly. Any man-
agement strategy that increases the iron content or magneticsusceptibility of
topsoils will produce a magnetic anomaly. Some of these anomalies have small
magnitudes and are unrecognizable amid larger anomalies. Anomalies can also
be spatially larger than the study area and not easily identified in the data.23
3. CESIUM MAGNETOMETER SURVEY
3.1. Magnetometer Survey Method at the OSU Dairy
Cesium magnetometer surveys were conducted during August and September
of 2000 to identify the location of the 12-inch pipe appearing on the 1912 map.
The OSU Research Dairy is approximately 800 m x 400 m in size, bounded on
the north by Harrison Blvd, on east by53rd street,on the south by campus way
and Oak Creek. A 100 m x 100 m main survey region was established using
standard survey equipment (a total station, prism, transit, and stadia rod). The
main survey grid was aligned on grid north and is located at UTM 4934740N,
476650E in Township uS, Range 5W. The 100 m x 100 m main survey region
was divided into 25-20 m x 20 m sub-units.The corners of the grid and ev-
ery 20-meter interval was marked using PVCstakes. The inexpensive cost and
non-magnetic properties of PVC make its use ideal for magnetic surveying.
Fiberglass survey tapes were used to mark the baseline (E-W running line) and
a parallel control line at the north limitof sub-unit one. 21 blaze-orange 0.95
gauge plastic "weed-whacker" lines with black paintmarks every meter served
as transect lines, and were stretched fromthe baseline to the parallel control
line, with a one-meter transect spacing. Survey of the first sub-unit began in
the southwest corner of the unit, surveying continuously from south to north
with the magnetometers spaced 0.5 m in vertical mode. A surface position mark
was recorded every meter along the transect.Surface position marks are made
by pushing a button on the control unit when the magnetometers are over the
meter marks on the transect line. Surface position marks are used to correct
for varying walking speeds during post-acquisition processing of the data.
The magnetic surveys were conducted using a bi-directional survey method.
When the northern end of the first transect was reached the magnetometer op-
erator moved over 0.5 m and surveyed from north to south along transect two.
Recall that the transect lines are spaced a meter apart and mark everyother
survey transect (ie.the 1st, 3rd, 5th transect lines were marked with weed-
whacker line). When traversing the 2nd transect, it's position is estimated by
looking at the weedwhacker lines marking the 1st and 3rd transects. Marking24
FIGURE 3.1. Grid system used at the main study area at the OSU Research
Dairy showing locations of PVC stakes marking the corners of the main unit
and the sub-units. The arrows show how transect lines were moved forward
from sub-unit 1E to 2E. After surveying sub-unit 5E the transect lines were
moved laterally into sub-unit 5D.
every other transect with a transect line introduces a small amount of error that
is out-weighed by the time saved when moving transect lines.
After surveying half of the first sub-unit the transect lines were moved forward
to sub-unit two while surveying sub-unit one continued. Upon completion of
surveying sub-unit one the first data file was closed and saved. The second data
file was programmed with the appropriate grid coordinates and surveying of
sub-unit two began in the southwest corner of that unit. While the first half of
sub-unit two was being surveyed the remaining transect line were moved from
sub-unit one into sub-unit two. This procedure was performed by a two person
crew, but is more efficient with three people. Upon reaching the fifthsub-unit
the transects lines were moved laterally to the next sub-unit. The movement of
the transect lines is shown in Fig. 3.1.25
Depending upon weather conditions, start times, and other obligations 3-10
sub-units were surveyed each day. Fewer units were surveyed during the first
few days while methodology issues were worked out. Using a 0.5 m transect
spacing and an efficient crew 10-20 m x 20 m units can be surveyed per day.
At the end of each survey day the data were transferred from the control unit to
an analysis computer. The data files were converted from their native format to
a format able to be imported into Golden Software's Surfer mapping program.
Data was regularly archived on CD-ROMs. The maximum storage capacity
of five files on the control unit is a limitation to the Geometrics gradiometer.
Depending upon survey methods these five files can be used halfway through a
survey day. It is advantageous to have a portable computer available in the field
to facilitate data transfer. Another advantage to having a portable computer
in the field is confirmation that usable data was obtained during the morning
surveys. Any errors can be corrected before the survey advances an entire day.
3.2. Magnetic Data
Each magnetometer recorded 236,115 readings of the magnitude of the Earth's
local field during the surveys of the main study site, and Table 3.1 is an example
of the data. The data were visually inspected to identify points of equipment
failure, extreme values due to farm fences, and other sources of equipment prob-
lems. 119 erroneous data points were identified. Table 3.2 shows the range of
the data excluding the erroneous data points.
Surfer was used to merge all of the data files. The merged data were gridded
using the Kriging method with a grid spacing of X = 0.075 m and Y = 0.075
m. A shaded relief plot of the gridded data was produced using the Lommel-
Seeliger Law method with a central difference gradient. The Z-scale was set to
0.035 with the "Sun" "Sun" altitude at 25 degrees and azimuth at 0 degrees.
A shaded-relief plot treats the magnetic data in a manner similar to the way
topographic data is plotted. The false sun shines on the data creating bright
spots for high values and dark areas for low values. A shaded-relief plot is an
effective way of presenting magnetic data because features are easily identifiable
in the data. Shaded-relief plots are also an excellent way to communicate the26
TABLE 3.1. Example of the magnetic data recorded by the cesium magne-
tometer.
X-Grid
Position
(m)
Y-Grid
Position
(m)
Top
Mag.
(nT)
Bottom
Mag.
(nT)
Vertical
Gradient
(nT)
Time
(min:sec)Date
10805019.9653638.353629.1 18.555:55.18/17/00
10805019.9153638.353628.9 18.955:55.08/17/00
10805019.8653638.953628.820.155:54.98/17/00
10805019.8153638.953628.820.455:54.88/17/00
10805019.7753638.653628.021.155:54.78/17/00
10805019.7253638.353626.922.755:54.68/17/00
10805019.6753637.953625.425.055:54.58/17/00
10805019.6253637.053623.726.655:54.48/17/00
10805019.5853636.653622.328.755:54.38/17/00
10805019.5353636.253621.229.955:54.28/17/00
10805019.4853636.353620.531.5 55:54.18/17/00
10805019.4353636.753620.233.055:54.08/17/00
TABLE 3.2. Range of the data.
Top Mag.Bottom Mag. Gradient
Max54059 nT54975 nT4304.1 nT/0.5 m
Mm 47328 nT49171 nT-2529.1 nT/0.5 mI
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FIGURE 3.2. Shaded relief plot of the vertical gradient of the Earth's local
magnetic field of the main survey region with labelled features. A: Magnetic
effect of a farm fence. B: Strong magnetic anomaly whose source is unknown.
C: Erroneous data due to magnetometer failure. D: Magnetic anomalies caused
by accidentally using nylon coated steel survey tapes.
data to non-scientists. Most people have seen aerial photographs and shaded-
relief plots often have the same feel as an aerial photograph. Figure 3.2 is a
shaded-relief plot of the magnetic gradient from the main study area.
3.3. Analysis of Magnetic Data
The magnetic signatures of numerous sub-surface features are evident in Fig. 3.2.
The largest magnetic anomaly, in the southeastern portion of the survey regionis consistent with a 12-inch iron pipe 3-4 m beneath the surface [11].This
anomaly is spatially located where the 1912 City of Corvallis planning map
identifies the 12-inch water pipe, thus confirming the existence of the water
pipe. Also evident in the plot are evenly spaced diagonal anomalies. Due to the
spatial arrangement of these anomalies they are most likely associated with a
tile drainage system.
The shaded relief plot also presents other unknown and unexpected signals as-
sociated with surface and sub-surface features. The magnetic effect of a farm
fence, labelled A in Fig. 3.2, can be seen running along the southern portion
of the plot. The east-west linear feature, labelled B in Fig. 3.2, running along
Y = 5010 m is a large, distinct magnetic anomaly whose source is unknown.
Other smaller magnetic anomalies appear throughout the survey region. The
unusual looking anomaly, labelled C in Fig. 3.2, running from Y = 5020 m to
Y = 5030 m at X1075 m is caused by erroneous data. During this small
portion of the survey the magnetometer failed to perform properly. Two other
unusual anomalies, labelled D in Fig. 3.2, appear running from X = 1080 m to
X=llOOmatY=5O40mandfromX= lO6OmtoX=lOSOmatY=5060
m. These anomalies appear at the bottom of twosub-units, and their source
was the accidental use of a nylon coated steel survey tape tomark the bottoms
of these sub-units.
Also evident in the shaded relief plot is a diagonal anomaly that appears to cut
across suspected drain tile signatureswhose signature is similar to suspected
drain tile signatures, and is most likely associated with a drain tile. Drain tile
systems do not use cross-laid pipes [19, 32, 34J and this extra tile maybe from
an older, forgotten system.
A distinct difference in the magnetic field between the western part of thesite
and the eastern part can also be seen in Fig. 3.2. To ensure that thisdifference
in the magnetic field was reproducible a magnetic survey was conducted a year
later using a different magnetometer of the same make and model. This survey
identified the same variability in the magnetic field. Solar effects, farm fences,
and overhead power lines were also examined and eliminated aspossible sources
for the variability.29
3.4. Results
The magnetic surveys were conducted to identify sub-surface objects that may
provide alternate transport of liquid effluent from the dairy fields to Oak Creek.
The bidirectional survey mode with a 0.5 m transect spacing was appropriate
for identifying the magnetic signatures of features of interest. Using vertical
gradient mode and conducting reproducibility surveys successfully identified,
isolated, and eliminated sources of error and magnetic contamination.
Diagnostic surveys of five other portions of the OSU dairy identified additional
magnetic signatures of sub-surface features with suspect hydrologic significance.
Figure 3.3 shows additional portions of the 12-inch water pipe, and identifies a
similar signal just south of the Dairy barn running toward the creek. The results
of the magnetic surveys were passed on to members of the universityinvolved in
understanding contamination issues at the Dairy. The data presented will form
part of the permanent database used for hydrologic, contaminant transport,and
land management studies on Dairy lands. Understanding of the limitations and
capabilities of magnetometer surveys is key for participation in interdisciplinary
studies where the effect of subsurface features on drainage is of consequence.
Participation in these interdisciplinary efforts is expected to continue.
The focus of this dissertation is not concerned with contamination events,
but rather understanding the variability in the magnetic field. Although the
magnetometer surveys were successful at identifying features of interestin the
western part of the study site many of the features do not appear inthe magnetic
data of the eastern part of the site. Understanding the cause of this magnetic
variability is essential for successful future magnetic surveys at the OSUDairy
in continued efforts to understand contamination events and at sitesaround the
globe where similar studies are being conducted.0
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FIGURE 3.3. Overlay of magnetic surveys on an aerial photograph of the OSU
dairy.31
4. FIELD-SCALE DETERMINATION OF TOTAL IRON
DISTRIBUTION
4.1. Introduction
Recall that the hypothesis of this dissertation is that the spatial variability in
the magnitude of the Earth's local magnetic field both over tiled and non-tiled
areas of the study site is due to a preferentialaccumulation of iron in and around
the drain tile located in the western portion of the study site compared to the
eastern portion. The effect is seen at both field-scale and tile-scale. Examining
the distribution of total iron at field-scale is achieved by determining iron con-
centrations in soil core samples extracted along a transect across the study site.
Extracting soil cores is a quick and inexpensive method to obtain horizontal and
vertical changes in soil type with minimal disturbance. Core samples can be
analyzed for analyzed for soluble iron concentrations [Fe(II)] to gain an under-
standing of iron migration processes, and analyzed for total iron concentrations
[Fe(II) + Fe(III)] to gain an understanding of iron distribution.
4.2. Soil Coring
Thirty-six, 4-foot long cores were removed from the main study site to determine
the field-scale distribution of total iron and Fe(II). Figure 4.1 is a photograph
of the JMC Environmentalist's Sub-Soil Probe that was used to extract the
2.5-meter spaced cores along an east-west oriented transect located at local grid
coordinate Y = 5050 m (Fig. 4.2 and Fig. 4.3).The single operator of the
Sub-Soil Probe repeatedly dropped the 12.5-pound slide hammer to drive the
sampling tube into the ground. A foot-operated jack attached to the Sub-Soil
Probe is used to pump the sampling tube out of the ground. The soil core con-
tained within a plastic sleeve is removed from the sampling tube. The ends of
the plastic tube were capped to prevent evaporation and soil loss, the depth of
the core hole was measured, a pre-printed location label was affixed to the core
tube, and the core tube was transported by hand to a field processing station.FIGURE 4.1. The JMCEnvironmentalist's Sub-Soil Probe inaction.5060
0
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5040.
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FIGURE 4.2. Location of core samples along the east-west oriented transect at
local grid coordinate Y = 5050 m
FIGURE 4.3. View of the core transect facing North. The survey tape marking
the position of the core transect, and flags marking the 2.5 m spaced core
locations can be seen in the photograph.34
arrival at the processing station the core was removed from the plastic
,placed on brown butcher paper, and the core length measured. Compar-
ison of core length to core hole depth identifies the amount of compaction due
to friction between the soil and plastic sleeve (approximately 10% ). Figure 4.4
shows how horizon boundaries were qualitatively selected and recorded based
on color and texture under the guidance of Dr. JayNoller (Pedologist, Oregon
State University). Figure 4.5 is an example of how each horizon was quartered
lengthwise to remove a 30 g representative sample of the horizon.
Prior to conducting fieldwork, 250-mi Nalgene bottles were massed and filled
with 100 ml of hydrochloric acid (0.1M). While in the field approximately 30 g
of representative soil from each horizon was placed into the hydrochloric acid.
Plastic soil sample bags were massed, the remaining soil from each horizon were
placed into bags, and then the soil and bag were massed to facilitate measuring
the gravimetric water content of the soils.
Field processing of the soil facilitates an analysis of the Fe(II) concentrations.
Oxidation of Fe(II) during processing is slowed by immersing the soil into hy-
drochloric acid as soon as possible after core removal. Due to unexpected field
conditions and delays the Fe(II) analysis was abandoned. Analysis of total iron
does not require immediate field processing, and the unprocessed cores were
transported to and stored in a refrigeration unit at OSU's Agricultural and Life
Sciences building for subsequent processing. Prior to transport, wet paper tow-
els were placed beneath the caps of the plastic sleeves containing unprocessed
cores to reverse vapor gradient and reduce the movementof soil moisture to-
wards the end caps.FIGURE 4.4.Horizon boundaries were qualitatively selected and recorded
based on color and texture under the guidance of Dr. Jay Noller(Pedologist,
Oregon State University)
FIGURE 4.5. Horizons were quartered length-wise to obtain a 30 g represen-
tative sample of the horizon.36
4.3. Colorimetric Determination of Iron Concentrations
The total amorphous iron in solution was determined using colorimetry. A
colorimetric determination of iron concentrations in soils is achieved using an
appropriate dilution and the Beer-Lambert Law (commonly referred to as Beer's
Law).
Abs orbance = molar absorbitivity x path length x concentration
(4.1)
Beer's Law states that the amount of light of a given wavelength absorbed by
a liquid sample is proportional to the concentration of the item being studied.
This linear relationship between absorbance and concentration can be seen in
Fig. 4.6. Samples containing high concentrations of iron must be diluted to fall
within the range where the relationship between absorbance and concentration
are linearly related.
FIGURE 4.6. The Beer-Lambert Law describes the linear relationship of ab-
sorbed light to sample concentration at low concentrations. The above graph
was created using iron standards analyzed using aspectrophotometer.37
Samples were prepared by agitating approximately 30 g of soil and 100 ml hy-
drochloric acid in a Nalgene bottle to increase the hydrochloric acid's ability to
dissolve iron mineral solids. The agitated soils were placed on a counter-top and
allowed to settle out of solution over a 24-hour period. After settling, 1 ml of
solution was diluted with 10 ml of water in a 20-ml plastic scintillation bottle.
0.5 ml of diluted sample was transferred to a plastic test tube and mixed with
4.95 ml of "sample cocktail" (mixed reagents). The sample cocktail is a mixture
of 0.5 ml pH Buffer (Sodium Acetate [3 M]), 0.5 ml reducing agent (hydroxy-
lamine hydrochloride [12%]), 0.5 ml coloring agent (1,10-phenanthroline [0.2%
w/v]), and 3.45 ml water. The pH buffer creates acid conditions and prevents
the precipitation of salts. The reducing agent reduces Fe(III) to Fe(II), and the
coloring agent forms a ferrous complex with Fe(H) that has a red color. The
color of the ferrous complex absorbs 510 nm wavelength light. [23]
A series of 3.5 ml iron standards at 0, 0.5, 1, 1.5, 2, and 2.5 concentrations
were mixed with a standard cocktail. The standard cocktail is a mixture of
0.5 ml pH Buffer (Sodium Acetate [3 M]), 0.5 ml reducing agent (hydroxy-
lamine hydrochloride [12%]), and 0.5 ml coloring agent (1,1 0-phenanthroline
[0.2% w/v]). The standards are used to create a calibration curve similar to the
one in Fig. 4.6, and as a quality control check.
Figure 4.7 shows the HP-Model 8451A Spectrophotometer with an autosampler
that was used to colorimetrically determine the iron concentrations. The au-
tosampler holds a maximum of 114 test tubes, and both the autosampler and
spectrometer are computer controlled using HP UV-Vis software. An automa-
tion table creates the calibration curve, analyzes the samples, and runs quality
control checks. The first test tube processed contains a blank (0.0 concentra-
tion of iron). The blank records the spectrum of the reagents and dilutant,
and the thermal status of the diode array [17]. The next six test tubes contain
the standards followed by two more standards for a quality control check. The
rest of the automation analyzes the samples using a sequence of 8 samples, a
repeat sample, and a standard. Test tubes 113 and 114 contain two additional
standards for quality control purposes.
The HP software records the iron concentrations in mg/L based on the cali-
bration curve. These results are subsequently adjusted to account for dilutionI
L
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FIGURE 4.7. The HP-Model 8451A Spectrophotometer is pictured on the left
and the autosampler on the right.
factors, gravimetric water content, and differences in soil amounts. The dilution
factor is obtained by tracking the amount of water added at each step. Inthis
experiment the samples were diluted when they were added to the scintillation
bottles and when the mixed reagents were added. To account for thedilutions
the result from the spectrometer is multiplied by the dilution factor (Eq.4.2).
lml + lOmlO.05m1 + 3.45rn1
[Femg/L] = X XEFespectrometer result]
lrnl O.O5rnl
= 770 X [Fespectrometer result]
(4.2)39
Equation 4.3 show the main conversion from ( mg/L ) to (mg/kg) where Femg/L
is the concentration of iron obtained from the spectrometer multiplied by the
dilution factor, V is volume, and m is mass.
V[Liquid in Bottle (L)] (43) =Fe[mg/L] X Fe[total (mg/kg)]
m[S0lin Bottle (kg)]
The mass of the soil in the bottle is calculated using the gravimetric water con-
tent and the combined mass of the soil and water in the bottle. The gravimetric
water content is the ratio of the amount of water held within soil pores to the
amount of soil based on the mass of the soil before and after drying. Recall
that the soils remaining after sectioning each horizon were placed into plastic
soil bags and massed. The soils were then oven dried at 105 °C for 24 hours.
After drying the soils and bags were massed and the gravimetric water content
9g, calculated (Eq. 4.4).
m[water in the Soil(kg)]
m1s0i (kg)]
m150 +Bag before drying (kg)] rnfS0il +Bag after drying (kg)]
m[s0l+Bag after drying (kg)] m[Bag (kg)] (4.4)
This gravimetric water content obtain by examining the soils in the plastic bags
is used to determine the amount of soils in the bottles of acid (Eq. 4.5).
[s+ Water in Bottle (kg)]
m(s0lin Bottle (kg)) 1 +
m[s0l + Water + Acid + Bottle (kg)] m[Ad +Bottle (kg)]
1 + °kg (4.5)
The volume of the water in the bottle is easy to calculate once the mass of the
soil in the bottle is known (Eq. 4.6).40
m[Water in Bottle (kg)]
V[Water in Bottle (L)]
Pwater
712 (Soil + Water in Bottle (kg)] m[sOl in Bottle (kg)]
Pwater (4.6)
The final term needed is the total yolume of the liquids in thebottle, which is
just the sum of the volume of water and the volume of acid (Eq. 4.7).
V(Liquid in Bottle(L)]=V[Water in Bottle(L)]+V(Hydrochloric Acid in Bottle(L)]
(4.7)
Calculating the total iron involves seven experimentally measured quanti-
ties[FeEmp/LJ],mfsojl+water+acid+bottle], mfacid_bottle], m[bott:e], mtsotl+bag before drying],
m(soi:+bag after drying], m[bag].The error in the results from the spectrometer and
all of the error in the dilution factor was determined statisticallyby looking
at multiple runs of the same sample. These random errorsoriginate in the
use of pipettes, mixing multiplebatches of reagents, and mixing samples. Any
systematic errors in the spectrometer are corrected for by the calibration curve
generated from the standards and running a blank sample. Seventy-two samples
were analyzed with a mean ironconcentration of 954.8 mg/L with a standard
deviation of 69.3 mg/L.
The remaining experimental quantities are all mass measurements usingthe
same balance. The error in thebalance is ± 0.05 g .Upper and lower error
bars were determined using a High-Low error analysis. The equationfor the
total iron was written in terms of the experimentally measuredquantities. The
largest total iron was calculated using the experimentally measuredquantities
with their known error. The upper error is generally small with an average
of 330 milligrams of iron per kilogram of soil. The averagelower error is 326
milligrams of iron per kilogram of soil.41
4.4. Results
Analysis of iron in the cores shows variations of iron concentrations across the
site and with depth (Fig. 4.8). In general, there is more iron at all depths on
the western portion of the study site than on the eastern portion. This may
account for the magnitude of the Earth's local magnetic fieldbeing higher in
the western portion of the study site and lower in the eastern portion.
Additionally, a higher concentration of iron between positions X1020 m and
X = 1040 m is spatially associated with two spikes in the magnetic field. This
occurs in the vicinity of a drain tile. The highconcentration values in the vicin-
ity of the tile cover a much larger area then the width of a drain tile. During
installation of a drain tile a trench approximately 50 cm wide and 1.0 m deep
is excavated. After tile installation this trench is back-filled using the exca-
vated soils. The physical properties of these back-filled soils will be noticeably
different than the surrounding, undisturbed soils. In addition, the influence of
the tile extends beyond the region of the back-filled trench by causing water
flow toward the tile. The increase in iron in this region may be a result of tile
installation or influence on hydrology.
Figure 4.9 is an image plot of the total amorphous iron distribution obtained
from the cores.The image plot was created usingGolden Software Inc.,
Surfer®, a mapping program. The 2.5-meter spaced data points were convolved
to 0.2 m spacing using the Kriging algorithm as part of Surfer's®gridding op-
tion to enhance features for better identification. The higher concentration of
iron between positions X = 1020 m and X = 1040 m coincident with the mag-
netic high is clearly evident in the image plot. The lower concentrations of iron
in the eastern portion of the site are also evident. This plot also shows aslight
increase in iron in the lowest soil horizon.
The field-scale changes in the local magnetic field agrees with the field-scaledis-
tribution of iron. The decreasing magnetic signal from west to east corresponds
to a decrease in iron concentration from west to east. Localizedincreases in the
magnetic field also correspond to localized increased iron concentrations. To
further understand the variability in the local magnetic field and its relation to
drainage tiles the field-scale study must be complemented by a tile-scale study.p
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5. TILE-SCALE DETERMINATION OF TOTAL IRON
DISTRIBUTION
5.1. Introduction
As seen in the previous chapter, field-scale changes in the local magnetic field
correspond with field-scale changes in iron distribution. To better understand
the relationship between iron, soils, drain tiles, and the magnetic field data it
is essential to look at the tile-scale distribution of iron.
The precise location of the drain tile under study was identified using the mag-
netic data and confirmed by a tile probe. A tile probe is a thin bar with a
handle that can be pushed into the ground with relative ease when the soils
are saturated. Resistance is felt when thetile probe strikes a drain tile or other
buried objects such as rocks. Figure 5.1 is a photograph of probing for the drain
tile during the winter season when the field was saturated.
Soil trenches were required to analyze in greater detail the condition of the
tile and any impact the tile or its installation may have on soil conditions and
soil iron distribution. The soil profile exposed by trenching allows for a de-
tailed determination of the soil stratigraphy and close inspection of small scale
variability.Two, 25-foot long, 4.5-feet deep, and 4-feet wide trenches were
dug perpendicular to one of the drain tiles at two locations in the main study
area. One trench was placed in the easternportion of the study area where
the magnetic signature is weaker. The second trench was placed in the region
with the stronger magnetic signal in the western part of the study area. Both
trenches cut across the location of magnetic signatures spatially associatedwith
tile drains and extended normal to the drain tile well beyond the region where
the hydraulic influence of the tile is expected. Figure 5.2 shows trench locations,
orientation, and extent.FIGURE 5.1. Locating the drain tile to be studied using a tile probe. The thin,
orange line running into the foreground of thephotograph marks the position of
the drain tile based on the magnetic data. The tile was located within a meter
of this line.
FIGURE 5.2. Trench locations, orientation, and extent obtained by surveying.46
5.2. Visual Inspection of the Drain Tile
Trench excavation was conducted using a backhoe, and Fig. 5.3 shows the area
in the immediate vicinity of the tile being cleared by hand using shovels, picks,
and trowels. A ceramic drain tile is not one long pipe, but an aggregate of
foot long sections that rest against each other. It is through these loose joints
that water enters the tile. Once the tile at the OSU Dairy was exposed the
sections were labelled using a Sharpie to retain the orientation and position of
each segment. As a segment was removed the interior was inspected for debris,
sediment, and iron accumulation before being placed in a plastic bag.
Tile segments from the west trench were entirely clear of any debris or clog-
ging. Tile segments in the east trench had a small amount of sediment in the
bottom that appeared to contain large quantities of dried manure (Fig. 5.4).
The source for this build-up was discovered as more segments of the tile were
excavated. One of the segments was perforated during earlier coring. Liquid
manure sprayed on the field post-coring had direct accessto the tile, and the
sediment came from a later attempt to plug the core hole with a soil slurry. It
is clear that the build-up in the tile was due to the damage created by the corer
and not a long-term process.
Based on the visual inspection there is no preferential accumulation of iron in
the tile, and the answer to research question2: Is the stronger magnetic signal
spatially associated with the drain tile in the western partofthe site is caused
by iron accumulation in the drain tiles in the western portionofthe site?is no.
Visual inspection of the tile also indicates that the answer to research question
# 3:Is the variability in the magnetic signal spatially associated with the drain
tile is caused by a change in the magnetic propertiesofthe sub-surface pipes?
is also no. The segments of tile removed from both trenches appear similar in
shape, size, and material. Evidence that the pipes are of the same material also
comes from a personal interviewwith Fred Price, the tile installer during the
original tile installation. During a visit to the site Mr. Price explained the tile
installation process used at the OSU Research Dairy, and confirmed that the
line under study was installed using pipe from the same material.FIGURE 5.3. The area immediately around the tile was cleared by hand using
shovels, picks, and trowels.FIGURE 5.4. Visual inspection of drain tile segments from the west trench and
east trench at the OSU Research Dairy. The tile segment on the left was removed
from the west trench and contains no debris or sediments. The tile segment on
right was removed from the east trench and contains a small amount of sediment
and manure caused by accidental perforation of the tile during coring activity
related to this project.
5.3. Description of Soils
Soil horizon boundaries were qualitatively selected and recorded based on color
and texture under the guidance of Dr. Jay Noller (Pedologist, Oregon State
University) and Dr. Herbert Huddleston (Soil Scientist, Oregon State Univer-
sity). The soils in both trenches are wetland soils with high clay content and
classified as silty clay loam. The soil in the east trench was found to have a
slightly lower permeability than the soil in the west trench. The east trench soil
profile also includes a constraining layer of low permeability approximately 40
cm beneath the ground surface. In the contextof this dissertation it is useful
and appropriate to apply a very simplistic model for the soil medium in which
the soil is considered to be a porous medium. The permeability of a porous me-
dia determines the rate of fluid flow through it [18]. The lower the permeability
the more difficult it is for fluid to move through the matrix. A constraining
layer will slow down or inhibit infiltrating fluid from further vertical transport
and effectively trap soil water above it forming a perched water table [29]. The49
differences in permeability of soil layers between the western part of the site and
the eastern part will create different environments for Fe(II) movement through
the soils.
5.4. Soil Sampling Method
To understand the distribution of iron in the soils around the drain tile, a soil
sampling strategy was selected based on the research questions, the size of the
back-filled trench associated with the drain tile, and the soil stratigraphy. A
2-meter long, 1.3-meter high study region centered horizontally over the drain
tile was selected as the soil sampling region. A similar sized region of trench
wall was selected 7 m away from the drain tile to serve as a control unit. Two
sampling units were established in each trench for a total of four units.
Figure 5.5 shows how each unit was divided into 10 cm x 10 cm sub-units
and 20 cm x 10 cm sub-units. The larger sub-units were used at the ends
of the sampling region to reduce soil extraction and analysis time. The small
sub-unit size was chosen to ensure statistically significant results. The width
of the backfilled trench associated with the drain tile is 50 cm, with five soil
sampling sub-units spanning the width of the backfilled trench. Soil samples
were removed using a trowel and soil tray andplaced in labeled soil bags. Filled
soil bags were transported to the laboratory at the end of each day.50
FIGURE 5.5. Soil Sampling Method. Columns A, B, 0, and P were 20 cm x
10 cm sub-units, and the rest of the columns were 10 cm x 10 cm sub-units51
5.5. Colorimetric Determination of Iron Concentrations
The soil samples were prepared for colorimetric analysis using the following
steps:
1. Use pestle to pound soil still in the soil bag to break up large aggregates.
2. Shake bag by hand to mix soil to facilitate removal of a representative
sample.
3. Pour approximately 100 grams into a drying pan.
4. Air dry soil for 24 hours to decrease soil moisture.
5. Hand grind soil for approximately 30 seconds using a mortar and pestle
to further break down aggregates and allow greater access of hydrochloric
acid to iron.
6. Determine the gravimetric water content:
(a) Mass a paper baking cup.
(b) Using a stainless steel spoon transfer approximately 50 g of soil from
the mortar to the paper baking cup.
(c) Oven dry 50 g of soil in paper baking cup at 105° C for 24 hours.
(d) Mass oven dried sample.
(e) Calculate the gravimetric water content of the soil using Eq. 4.4.
7. Mass a 250-mi sample bottle.
8. Using a stainless steel spoon transfer approximately 10 g of soil from the
mortar to the 250-mi sample bottle.
9. Add 100 ml of 0.5M hydrochloric acid to 250-ml sample bottle containing
the 10 g of soil.
10. Place 30 filled sample bottles on mechanical agitator and agitate for 3
hours on low setting to maximize the hydrochloric acid's ability to dissolve
iron mineral solids.52
11. Place 4 agitated sample bottles in centrifuge and spin for 10 minutes on
a setting of 7 to separate solids from liquids.
12. Using a pipette remove 10.0 ml of liquid extraction from the centrifuged
250-ml sample bottle and place in a second 20-rnl sample bottle for archival
purposes.
13. Using a pipette remove 1.0 ml of liquid extraction from the centrifuged
250-mi sample bottle and place in a 20-ml sample bottle.
14. Using a pipette dilute the 1.0 ml of extracted sample with 10.0 ml of
water.
Using the same steps used for the analysis of the core samples, 0.5 ml of diluted
sample was transferred to a plastic test tube and mixed with 4.95 ml of sample
cocktail (mixed reagents). The sample cocktail is a mixture of 0.5 ml pH Buffer
(Sodium Acetate [3 M]), 0.5 ml reducing agent (hydroxylamine hydrochloride
[12%]), 0.5 ml coloring agent (1,10-phenanthroline [0.2% w/v]), and 3.45 ml
water.The quality control checks and error analysis are identical to those
used to analyze the core samples. The iron concentrations obtained from the
photospectrometer were converted to milligrams of iron per kilograms of soil
using Eq. 4.2 through Eq.4.7.
5.6. Results
To understand the distribution of iron in the four study areas the calibrated
results from the photospectrometer were plotted as image plots.The 10-
centimeter spaced data points were convolved to 0.1 cm spacing using the Krig-
ing algorithm to enhance iron distribution boundaries.Soil profile drawings
were digitized and overlayed on the iron distribution imageplots. These over-
lays allow for comparison of soil boundaries and iron distribution.
Figure 5.6 shows the distribution of iron over the tile in the west trench. There
are three distinct regions of iron concentration:low concentrations of iron near
the surface, medium concentration of iron in the middle region of the profile,
and high concentrations of iron in the lower portion of the profile. These three53
regions are spatially associated with changes in soil type. A striking feature of
the iron distribution is the intrusion of the medium concentration of iron into
the lower concentration region. This intrusion occurs at the boundaries of the
back-filled tile trench. Disturbance of the soil and the iron distribution from
trenching during tile installation is expected.
During tile installation soil is removed to create a trench, the tile is placed in
the bottom of the trench, and the removed soil is used to backfill the trench.
During the installation process the disturbed soil is mixed. Because soils with
low, medium, and high concentrations of iron are being mixed the resultant
material will have a medium concentration of iron. This agrees with what is
seen in the iron distribution image plot. Figure 5.7 is an image plot of the iron
distribution in the west trench control unit which also shows spatial association
between changes in iron concentration and soil boundaries.
Determination of iron concentrations in the soils around the tile indicates that
the answer to research question # 4:Is the stronger magnetic signal spatially
associated with the drain tile in the western partofthe site is caused by iron
accumulation in the soils around the drain tiles in the western portionofthe site
is also no. It appears that the magnetic signal spatially associated with the drain
tile is due to a contrast in iron distribution created by soil disturbance during
tile installation. Having a magnetic anomaly created by such a disturbance is
not unexpected, but the lack of an anomaly spatially associated with the drain
tile in the eastern portion of the study site remains to be explained.50
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Figures 5.8 and 5.9 are image plots of the iron distribution over the tile and in
the control unit in the east trench. The lowest soil layer has the largest con-
centration of iron, but the amount of iron in this soil layer is lower than the
same soil in the west trench. The reason for this difference is notclear, but may
be due to hydrological differences. A very distinct difference between the west
trench iron distribution (Fig. 5.7) and the east trench distribution (Fig. 5.9) is
the high concentration layer of iron near the surface. This high concentration
occurs in the constraining layer of low permeability. Thisconstraining layer is
most likely creating a perched water table in which reduced iron accumulates.
In addition to the high concentration of iron at the constraining layer the overall
near surface soil in the east trench has a higher concentration of ironcompared
to the near surface soil in the west trench. It is not clear if this difference was
created when the soils were deposited or due to post-depositional processes.
The distribution of iron over the tile in the east trench (Fig. 5.8) looks very
similar to the distribution of iron in the control unit (Fig.5.9).In contrast
to what was observed in the west trench, there is no apparent disturbance to
the iron distribution in the east trench due to tile installation. Analysis of the
soil over the tile clearly identify them as back-fill material, and the walls of the
back-filled trench are visually identifiable.
In both trenches the lowest horizon exhibited the highest iron concentrations.
Tile depth in the east trench was such that installation did not disturb as much
of the lowest, high-iron horizon as was observed in the west trench. While this
may influence the contrast required for a distinct magneticsignature, the lack
of contrast higher up in the horizon is unexplained. Clearly the high concen-
tration layer at the constraining layer would have been disturbed during tile
installation.
The disappearance in the iron distribution of the disturbance is an unexpected
discovery.This discovery provides an explanation for the variability in the
magnetic data.It is proposed that that the soils were disturbed during tile
installation. At this time the entire length of the tile had a distinct magnetic
signature spatially associated with it. Over some undetermined time interval
hydrologic processes in the eastern portion of the site redistributed iron to the56
pre-tile configuration. This redistribution of iron effectively erased the mag-
netic signature spatially associated with the tile. Without a contrast in iron
concentrations in the back-filled trench and the surrounding soils there will be
no contrast in the magnetic field and no magnetic anomaly to be detected.50.
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The intent of this project was to gain a better understanding of the effect of soil
type and iron distribution on the effectiveness of ultra-high resolution cesium
magnetometer surveys in identifying sub-surface drainage systems at the Ore-
gon State University Research Dairy. The magnetometer survey was effective
at identifying tile locations in the western part of the study site, but unable to
identify tile locations in the eastern part of the site.Five research questions
were explored to understand this difference.
Research question # 1,Is the stronger magnetic signal spatially associated with
the drain tile in the western partofthe site is caused by decreasing distance be-
tween the sensors and the sub-surface pipes (ie: the pipes are getting shallower
or the elevation is decreasing)? was answered by taking detailed elevation read-
ings using a total station. The tile in the west trench is 0.18 m further below
ground surface than the tile in the east trench. One expects a decrease in mag-
netic signal as the distance between the sensor and object increases. This is not
the case at the OSU Dairy. The strongest magnetic signal is spatially associ-
ated with the largest distance between the sensor and object. The sensor-object
distance must not be a predominate effect in producing the magnetic signature
spatially associated with the tile.
Research question # 2, Is the stronger magnetic signal spatially associated with
the drain tile in the western partofthe site is caused by iron accumulation in
the drain tiles in the western portionofthe site?was answered by visually
inspecting the tile and interviewing the original tile installer. Visual inspection
of the tiles identified that segments removed from both the west trench and the
east trench appear similar in size, shape, and material. Personal communication
with Fred Price, the tile installer, confirmed that the tile-line under study was
installed using the segments made from the same materials.
Research question # 3,Is the variability in the magnetic signal spatially as-
sociated with the drain tile is caused by a change in the magnetic propertiesof
the sub-surface pipes? was answered during the visual inspection of the tiles.
There was no build up of any kind in the tile segments from the west trench,59
and a small build up of manure and soil in the segments from the east trench
was due to recent damage to a segment duringcoring (Fig. 5.4).
Research question # 4, Is the stronger magnetic signal spatially associated with
the drain tile in the western partofthe site is caused by iron accumulation in
the soils around the drain tiles in the western portionofthe site? was addressed
during the tile-scale iron distribution study. Soil iron concentrations were not
preferentially higher around the tile. The magnetic signature spatially associ-
ated with the tile in the western part of the site does not appear to be caused
by the accumulation of iron in and around the drain tile (Fig. 5.6).
Research question # 5, Is the spatial variability in the magnitudeofthe Earth's
local magnetic field both over tiled and non-tiled areasofthe study site is caused
by a change in the magnetic propertiesofthe soils? was addressed by both
the field-scale and tile-scale iron distribution studies. Iron concentrations from
core samples identified higher concentration inthe western portion of the study
site compared to the eastern portion. The higher concentration of iron in the
western portion of the site is likely the cause of the larger magnitude of the local
magnetic field in this part of the site. The decrease in the magnitude of the
magnetic field in the eastern portion of the site is likely caused by the decrease
in iron in the soils.
Tile installation disturbs the natural distribution of soil iron. This was evident
in the western study site where the installation trench was still identifiable in
the iron signature even after 40 years. Trenching breaks through natural soil
layers and soil mixing during back-filling creates a magnetic contrast between
the magnetic properties of the back-filled trench soils and the undisturbed soils.
This magnetic contrast is likely the cause of the magnetic signature spatially
associated with the tile in the western portion of the site.
The lack of a magnetic signature spatially associated with the drain tile in the
eastern portion of the site is also explained by the observed irondistribution.
Iron distribution over the tile shows no evidence of disturbance due to tile instal-
lation. The distribution of iron over the east tile is very similar to the control
unit and appears as if the tile had never been installed. A visual inspection of60
the soil profile and an analysis of the soils clearly show a contrast in soil proper-
ties between the back-filled trench and the surrounding undisturbed soils. The
soils were disturbed during tile installation, but post-installation processes have
redistributed the iron to the pre-installation configuration. The redistribution
of iron removed any contrast between the back-filled trench and the surrounding
undisturbed soils.It is expected that there will not be a magnetic signature
spatially associated without a contrast in the iron distribution.
Answering these research questions address the hypothesis of this dissertation.
The answer to the hypothesis, the spatial variability in the magnitudeofthe
Earth 's local magnetic field both over tiled and non-tiled areasofthe study site
isdue to a preferential accumulationofiron in and around the drain tile located
in the western portionofthe study site compared to the eastern portion, is false.
There is no evidence of iron accumulation in and around the drain tile in either
portion of the study site, although a different form of preferential iron migration
does explain the variability seen in the magnetic signatures. This hypothesis
being false at this study site does not mean that it will be false at other sites.
Evidence of iron migration toward tiles is well documented and may be the pre-
dominate source of the magnetic signatures associated with drain tiles at other
sites.
The results of this dissertation emphasizes additional variables to be considered
when conducting magnetic surveys in support of drain tile studies. Sites under
study must be looked at as dynamic systems where iron distributions can be
changing. Archaeological, environmental, and forensic applications of magne-
tometry measure high temperature enhancement of the magnetic properties of
soils and the magnetic contrast created by anthropogenic redistribution of iron
in the soils. Initial disturbance of naturally deposited soils may create a mag-
netic contrast between undisturbed soils that is strong enough to be recorded
by magnetic surveys. After the initial disturbance several processes may redis-
tribute the iron to pre-disturbance distributions erasing the magnetic signature.
One of these processes likely to be occurring at the OSU Dairy is the bioreduc-
tion of iron.61
Through the course of this project several additional research questions were
raised. This project chose to focus on the role of total iron in creating the mag-
netic variability, but a study of Fe(II) can help identify specific types of iron
involved in creating the magnetic signatures. Examining Fe(II) distributions
can also facilitate an understanding of the processesinvolved in iron migration
and redistribution.14'7iat is the roleofFe(II) in creating the variability in the
magnetic field?, is proposed as a new research question that can help better
understand when cesium magnetometer surveys will be successful in identifying
sub-surface features.
This project accurately mapped the soil horizon boundaries, the extent of the
tile installation trench, the tile location, and how iron distribution is related
to each of these elements. The amount of disturbance to lower, high iron con-
centration by tile installation varied between the two trenches. The proposed
research question, How muchofthe effect to the magnetic signature is gener-
ated by disturbance to the lower soil regions that are high in iron concentration?
can facilitate a better understanding of the source ofthe magnetic signature
and lead to an understanding of the amount of variability in the field-scale tile
disturbance.
The magnetic signatures spatially associated with drain tiles at the OSU Diary
may have multiple sources, and the proposed research question,Can a magnetic
modelofthe trench profile identify the source(s)ofthe magnetic variability? can
help identify contributions to the magnetic signature. Modelling the system can
also help better understand sources of the field-scale and tile-scale variability
seen in the magnetic data. It is proposed that the systemfirst be magnetically
modelled using the results of this dissertation by including the total iron distri-
bution. If needed, this model can be adjusted to include additional sources to
the local magnetic field. This magnetic model may identify additional sources
to be studied through field experiments.
Even through there are numerous descriptions of iron migration toward and
accumulation in drain tiles in the literature this project identified an additional
type of iron migration that affects magnetometer survey success. An additional
study to explore the research question, Does iron redistribution affect the success62
ofmagnetometer surveys in identifying tile locations at other sites Vcan lead to
a better understanding of different types of iron migration and redistribution,
and eventually lead to predictive models for the success of cesium magnetometer
surveys to identify features of interest at a range of sites.
The results of this project have broad implications for magnetometer surveys
conducted in support of drainage studies, environmental studies, archaeological
projects, and forensic science cases. It has been shown that ultra-high resolu-
tion cesium magnetometer surveys can identify agricultural drainage systems,
but there are limits due to iron redistribution. Through this research we have
learned that iron redistribution can adversely effect the ability of magnetome-
ter surveys to identify sub-surface features, and that soils must be looked at as
dynamic systems rather than the more common static system approach when
evaluating the success of magnetometer surveys.63
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